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The apoptotic process is accompanied by major changes in chromatin structure and gene expression. The
apoptotic genetic program is progressively set up with the inhibition of antiapoptotic genes and the activation
of proapoptotic ones. Here, we show that the histone deacetylase 3 (HDAC-3), which is a known corepressor
of many proapoptotic genes, is subjected to proteolytic cleavage during apoptosis in a cell type- and species-
independent manner. This cleavage is caspase dependent and leads to the loss of the C-terminal part of
HDAC-3. The cleaved form of HDAC-3 accumulates in the cytoplasm. Furthermore, we found that forced
nuclear localization of HDAC-3 decreases the efficiency of apoptosis induction, indicating that HDAC-3
cytoplasmic relocalization is important for the apoptotic process. Finally, we observed that HDAC-3 cleavage
allowed increased histone acetylation and transcriptional activation on a proapoptotic HDAC-3-target gene,
the Fas-encoding gene. Altogether, our results thus indicate that HDAC-3 cleavage is crucial for efficient
apoptosis induction because it allows the activation of some proapoptotic genes during apoptosis progression.

Epigenetic marks play a major role in the control of cell fate
during mammalian development. Among these, the most stud-
ied so far is lysine acetylation, a posttranslational modification
of histones which inactivates the positive charge of lysines.
Histone hyperacetylation largely correlates with transcription
(11). In agreement with this correlation, histone acetyltrans-
ferases (HATS) are mostly involved in transcriptional activa-
tion, whereas histone deacetylases (HDACs) are often core-
pressors. The effect of histone acetylation on chromatin
function could be mediated by direct effects on nucleosome
structure or nucleosome-nucleosome interactions. However,
acetylated lysines are also specifically recognized by the so-
called “bromodomain,” a protein domain present in many
chromatin-related proteins (9). The recruitment of activating
proteins containing bromodomains to acetylated histones can
bring about transcriptional activation (22).

HDAC-3 belongs to the class I histone deacetylase in mam-
mals, which means that its yeast homolog is RPD3. It belongs
to a multimolecular complex whose subunits, such as the N-
CoR protein, are required for HDAC-3 enzymatic activity (19,
20, 27, 48). HDAC-3 functions as a corepressor for many
sequence-specific transcription factors, including NF-«B, E2F/
Rb, and c-jun (3, 26, 47, 50). Through a physical interaction
with these transcription factors, HDAC-3 is recruited to spe-
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cific promoters, where it brings about transcriptional repres-
sion through histone deacetylation. In addition to this local
function, HDAC-3 is also important for global genome-wide
histone deacetylation and specific inactivation of HDAC-3
leads to an increase in global histone acetylation (17, 52).
Finally, HDAC-3 can also deacetylate nonhistone proteins (6,
8, 42) and it is unclear at this moment whether its role in
transcription is mediated though the deacetylation of histones
or other transcription factors.

Little is known about HDAC-3 regulation. Recently, it was
shown that its activity is regulated by protein phosphatase 4
(51). Moreover, HDAC-3 possesses a unique property among
class I HDAG:S, localizing in both the cytoplasm and the nu-
cleus (3, 16, 50). Indeed, it contains a nuclear localization
signal (NLS) at its C terminus and two different nuclear export
sequences have been proposed (40, 50). Moreover, its subcel-
lular localization is known to be regulated through a physical
interaction with Tab2, which induces HDAC-3 relocalization
to the cytoplasm following interleukin-1B treatment (3).

Importantly, HDAC-3 seems to be critical for the control of
apoptosis. Many transcription factors regulated by HDAC-3
are important for apoptosis, including NF-kB and E2F (3, 26,
47, 50). Moreover, the inactivation of HDAC-3 in chicken or
mammalian cells leads to apoptosis induction (17, 40) or favors
apoptosis (33).

Specific modifications of chromatin are likely to play an
important role in apoptosis control. Indeed, the induction of
histone hyperacetylation using HDAC inhibitors is often suf-
ficient to induce apoptosis (30). Apoptosis is characterized by
major changes in chromatin structure since chromatin is highly
compacted and DNA is extensively cleaved. Recent data have
shown that apoptosis is accompanied by global changes in



VoL. 27, 2007

histone modifications, such as phosphorylation or ubiquitina-
tion (1, 7, 25, 32, 36, 41). Moreover, the activation of proapop-
totic genes and the inactivation of antiapoptotic genes, which
occur during apoptosis, are accompanied by specific changes in
histone modifications at these promoters. Correspondingly to
this wave of changes in histone modifications, the activity of
many proteins modifying histones is affected during apoptosis,
mostly through caspase-mediated cleavage (2, 4, 39). Concern-
ing enzymes controlling histone acetylation levels, it has been
observed that the HAT CBP/p300 is cleaved during apoptosis
in the central nervous system, leading to the loss of its HAT
activity (37). Recently, another histone deacetylase, HDAC-4,
has also been shown to be a substrate of caspases (34).

Because of the role of HDAC-3 in apoptosis control, we
investigated its regulation during apoptosis. We found that
HDAC-3 is cleaved during apoptosis, and we demonstrate that
this cleavage may participate in the establishment of the apop-
totic genetic program.

MATERIALS AND METHODS

Cell culture and transfection. Jurkat cells and derivatives were cultured in
RPMI supplemented with antibiotics and fetal calf serum (FCS) (10%). DT40
and AchHDAC3/FHDAC-3 cells were cultured in RPMI supplemented with
antibiotics, FCS (10%), chicken serum (1%), and B-mercaptoethanol (10 uM).
U20S cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with antibiotics and FCS (10%). All materials were from Invitro-
gen (Invitrogen Life Technologies, Carlsbad, CA). For UV irradiation, non-
adherent cells were collected, washed with phosphate-buffered saline (PBS), and
resuspended in PBS (50 pul for 10° cells). Cells were then spotted in a petri dish
to obtain a monolayer. Irradiation was performed using a UV cross-linker
(Hoefer). Adherent cells were washed with PBS, and irradiation was performed
similarly. Warm culture medium was then added. Other apoptosis-inducing
treatments were performed using staurosporine (Sigma-Aldrich, Saint Louis,
MO) or Fas ligand (FasL)-containing cell supernatant prepared as described
previously (38). Doxycycline (BD Biosciences, Mountain View, CA) was used at
a concentration of 100 ng/ml. Z-VAD (Sigma) was used at a concentration of 50
wM. The transfection of small interfering RNA (siRNA) was performed by
electroporation using a Gene Pulser Xcell apparatus (Bio-Rad Laboratories,
Hercules, CA) according to the manufacturer’s instructions using 10 pl of siRNA
(100 M) for 5 X 10° cells.

siRNA and antibodies. The sequences of the top strand of siRNAs (all from
Eurogentec) were as follows: for the control, CAUGUCAUGUGUCACAUC
U-dTdT; for anti-HDAC-3 S1, CGACAUUGUGAUUGGCAUC-dTdT; and
for anti-HDAC-3 S2, GAUGCUGAACCAUGCACCU-dTdT. Anti-HDAC-3
antibodies were purchased from Transduction Laboratories, Upstate Biotech-
nology, or Santa Cruz Biotechnology. The anti-cleaved PARP [poly(ADP) ribose
polymerase] antibody was from Promega Corporation (Madison, WI), and the
anti-PARP antibody (recognizing both forms of PARP) was from Cell Signaling
Technology. Anti-acetylated histone antibodies were all from Upstate Biotech-
nology. Anti-hemagglutinin (HA) and anti-Flag M2 antibodies were purchased
from Covance and Sigma, respectively. Anti-histone H3 antibody was a kind
gift from S. Miiller (Strasbourg, France). The anti-Rb antibody (clone G3-245)
was from Becton Dickinson-Pharmingen.

Cell extracts and Western blotting. For total cell lysates, cells were washed in
PBS and total proteins were extracted using the lysis buffer containing Triton
X-100 (1%), sodium dodecyl sulfate (SDS) (2%), NaCl (150 mM), phosphatases,
and proteases inhibitors in Tris-HCI 100 mM, pH 7.4. Total cell extracts were
quantified using a DC protein assay kit from Bio-Rad, and 10 pg of proteins per
lane were separated by SDS-polyacrylamide gel electrophoresis. Gels were trans-
ferred using a Bio-Rad apparatus on a nitrocellulose membrane. Western blot
analyses were performed by standard procedures using peroxidase-conjugated
secondary antibodies. Peroxidase was then detected by using the LumiLight-plus
reagent (Roche Diagnostics, Meylan, France).

For cell fractionation, a previously described protocol (10) was used with
modifications. Briefly, 10% cells for each condition were harvested, washed in
PBS, and resuspended in cell hypotonic lysis buffer containing 10 mM HEPES,
pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol (DTT), and protease
inhibitors. After incubation on ice for 10 min and centrifugation, the supernatant
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(hypotonic lysis fraction) was collected. Then, the resuspension-incubation step
was repeated three times. Centrifugation at 15,000 X g for 20 min was then
performed to pellet the nuclei, which were resuspended in an hypertonic buffer
containing 20 mM HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 0.5 mM DTT, and protease inhibitors. During the incubation of
samples on ice for 30 min, chromatin was scratched frequently using syringes.
After the centrifugation, the supernatant (high-salt extracts) was dialyzed for 1 h
against 50 volumes of a solution containing 20 mM HEPES, pH 7.9, 20%
glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, and protease inhibitors.

Apoptosis assay using flow cytometry. Cells were harvested by centrifugation
and treated using an annexin V-fluorescein isothiocyanate (FITC)/7-amino-ac-
tinomycin D (AAD) kit (Beckman Coulter, Marseille, France) according to the
manufacturer’s instructions. Cells were then analyzed by flow cytometry, and the
percentage of cells with high annexin V expression and that were negative for
7-AAD (representing apoptotic cells) was measured.

RNA extraction, reverse transcription, and ChIP assay. cDNA preparation
and chromatin immunoprecipitation (ChIP) assays were performed essentially as
described previously (44). For ChIPs, the amounts of fas promoter and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were analyzed by quantitative
PCR (Q-PCR). In all experiments, the amounts present in the control immuno-
precipitates were negligible.

Q-PCR analysis. Q-PCR analysis was performed on an iCycler device
(Bio-Rad) using the platinum SYBR green qPCR SuperMix (Invitrogen). All
experiments included a standard curve. All samples were analyzed in triplicate,
and the mean and standard deviation were calculated. The following primer pairs
were used to amplify ¢cDNAs after reverse transcription experiments: for
HDAC-3, CATAGCCTGGTCCTGCATTA and AGTCATCGCCTACGTTG
AAG; for ribosomal phosphoprotein PO, GGCGACCTGGAAGTCCAACT and
CCATCAGCACCACAGCCTTC; for fas, ATGCCCAAGTGACTGACATC
and ATGATGCAGGCCTTCCAAGT; and for bax, GATGATTGCCGCCGTG
GACA and GCACCAGTTTGCTGGCAAAG.

The following primer pairs were used to amplify genomic DNA from ChIPs:
for the fas promoter, TCTCGAGGTCCTCACCTGAA and TTGGGGAGGG
CTCCATTGAT, and for the GAPDH promoter, GAAGGTGAAGGTCGGA
GTCA and GAAGATGGTGATGGGATTTC.

Construction of the U20S Ryypy PAC3 cell line. The cDNA encoding the
full-length human HDAC-3 was cloned into the retroviral pBabe vector, in fusion
with the HA-tagged ligand binding domain of the estrogen receptor (HA-ER)
and a consensus NLS. The HA-ER encoding vector was a kind gift from K. Helin
(Copenhagen, Denmark). The details of construction are available on request.
The HA-ER-NLS-HDAC-3-coding vectors were used to produce viruses in
GP293 cells by cotransfections with the helper pantropic vector pVPackVSV-G
(BD Biosciences). A total of 5 X 10° to 8 X 10° GP293 cells (BD Biosciences)
were transfected overnight by using a FuGENE transfection kit (Roche Diag-
nostics). Cell culture medium (DMEM; Invitrogen Life Technologies) was col-
lected 48 h after transfection and filtered through Millex-HA filters (25 mm, 0.45
wm; Sartorius). Subconfluent U20S cells were infected with a viral suspension
containing 4 wg/ml of Polybrene (hexadimethrine bromide H-9268; Sigma-Aldrich)
for 1 h at 37°C with agitation. The medium was then changed, and selection for
puromycin (1.0 pg/ml; Invitrogen Life Technologies) resistance was applied 48 h
later for 10 days in order to obtain stable U20S Rypyen P2 populations. Nuclear
translocation of the chimera was induced using 300 nM OHTam.

DAPI staining and immunofluorescence. Cells were grown on glass coverslips
at 37°C. After brief washes with PBS, cells were fixed in 2% paraformaldehyde
(Sigma-Aldrich) in PBS for 45 min at room temperature, permeabilized with 1%
Triton in PBS for 5 min and quenched 45 min at 4°C in 0.75% glycine (Roche
Diagnostics) in PBS. Cells were blocked in 1% bovine serum albumin in PBS for
30 min and incubated for 1 h with primary antibodies diluted in the blocking
solution (Covance), washed three times for 10 min with PBS, incubated with
fluorescein isothiocyanate- or rhodamine-conjugated secondary antibodies
(Chemicon International, Inc.), stained with DAPI (4’,6'-diamidino-2-phenylin-
dole), washed extensively in PBS, and mounted in Vectashield mounting medium
(Vector Laboratories, Burlingame, CA). Observations were carried out with a
fluorescence microscope (DM; Leica, Wetlar, Germany) or a phase-contrast
microscope equipped with a cooled charge-coupled-device camera, and the ac-
quisition of native images was carried out using the MetaVue imaging system
(Universal Imaging Corp., West Chester, PA).

RESULTS

HDAC-3 is subjected to proteolytic cleavage during apopto-
sis. Apoptosis is accompanied by major changes in chromatin
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FIG. 1. Cleavage of HDAC-3 during apoptosis. (A) Jurkat T cells were treated with FasL (1/50 dilution of FasL-containing cell supernatant)
and harvested after the indicated time. Total cell extracts were prepared, and 10 pg was analyzed by Western blotting using an anti-PARP antibody
(detecting both full-length [native PARP] and caspase-cleaved PARP [cleaved PARP] [top panel]), an anti-Rb antibody (middle panel), and an
anti-HDAC-3 antibody (from Transduction Laboratories, also recognizing HDAC-1 and HDAC-2 [bottom panel]). (B) Same as described for
panel A, except that Jurkat cells were treated for 16 h with the indicated dilution of FasL-containing supernatant. (C) Same as described for panel
A, except that Jurkat cells were UV irradiated (40 J/m?) and harvested after the indicated time. PARP cleavage was monitored using an antibody
recognizing only p85 cleaved PARP. (D) Same as described for panel A, except that Jurkat cells were treated by FasL (1/25 dilution) or
staurosporine (250 nM) for 16 h. (E) Same as described for panel A, except that U20S osteosarcoma cells were treated with staurosporine
(250 nM) for 16 h. (F) DT40 chicken B cells were treated with staurosporine (250 nM) for 16 h. Total cell extracts were prepared and
analyzed by Western blotting using an anti-HDAC-3 antibody (from Transduction Laboratories) also recognizing chicken HDAC-2. —,
absence of; +, presence of.

structure, including chromatin condensation and DNA cleav- which induces apoptosis through the Fas death receptor path-
age. Chromatin modifications and chromatin-modifying en- way. Apoptosis was monitored by the appearance of the
zymes are thus susceptible to playing an important role in caspase-dependent cleaved form of PARP (Fig. 1A, top
apoptosis control. We thus investigated the expression of three panel). By Western blot analysis using an anti-HDAC-3 anti-
class I HDACs during the apoptosis of Jurkat cells, a tumoral body which recognizes HDAC-1, -2, and -3, we found that
human T-lymphocyte cell line. We treated cells with FasL, following apoptosis induction, HDAC-3 expression strongly
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FIG. 2. HDAC-3 cleavage is caspase dependent. (A) Jurkat cells were treated or not treated with Z-VAD (50 uM) as indicated. Two hours
later, cells were then UV irradiated (40 J/m?) as indicated and harvested 4 h later. Total cell extracts were then analyzed by Western blotting using
an anti-cleaved PARP antibody (upper panel) and an anti-HDAC-3 antibody (from Transduction Laboratories, lower panel). (B) Jurkat cells with
the indicated signaling defects were treated with FasL (1/50 dilution) and harvested 16 h later. Total cell extracts were prepared, and 10 pg was
analyzed by Western blotting using an anti-PARP antibody (detecting both full-length [native PARP] and caspase-cleaved PARP [cleaved PARP]
[top panel]) and an anti-HDAC-3 antibody (from Transduction Laboratories, also recognizing HDAC-1 and HDAC-2 [bottom panel]). —, absence

of; +, presence of.

decreased, whereas HDAC-1 and -2 expression levels did not
vary (Fig. 1A, bottom panel). Concomitantly to the HDAC-3
decrease, the apparition of a faster-migrating band could be
observed, suggesting that the decrease in HDAC-3 expression
was due to proteolytic cleavage of HDAC-3. In agreement with
this interpretation, we could also observe such a similar faster-
migrating band using recombinant HDAC-3 (see Fig. S1 and
S2 in the supplemental material). Moreover, this band was
immunodepleted by an HDAC-3-specific antibody (see Fig. S3
in the supplemental material), demonstrating that it is derived
from HDAC-3. Thus, the faster-migrating band detected by
the anti-HDAC-3 antibody is from now on referred as “cleaved
HDAC-3.” HDAC-3 cleavage following apoptosis induction by
FasL is both time and concentration dependent (Fig. 1A and
B). The quantification of the experiment represented in Fig.
1A indicates that the kinetics of the disappearance of full-
length PARP and full-length HDAC-3 were very similar (see
Fig. S4 in the supplemental material). Moreover, cleavage of
HDAC-3 was parallel to the caspase-mediated cleavage of the
retinoblastoma protein Rb (Fig. 1A). Taken together, these
two sets of data indicate that HDAC-3 cleavage was roughly
concomitant to effector caspase activation.

We further found that HDAC-3 cleavage could also be ob-

served when apoptosis was induced by DNA damage (Fig. 1C)
or by staurosporine (Fig. 1D), an inhibitor of protein kinase C
which induces the release of cytochrome ¢ from mitochondria.
Since these two latter treatments induce apoptosis through the
mitochondrial pathway, these results indicate that HDAC-3
cleavage is a general feature of apoptosis in Jurkat cells. More-
over, HDAC-3 was also cleaved when U20S human osteosar-
coma cells (Fig. 1E) or DT40 chicken lymphoid cells (Fig. 1F)
were induced to apoptosis following staurosporine treatment,
indicating that HDAC-3 cleavage is neither T lymphocyte spe-
cific nor species specific and is thus likely to be a general
hallmark of apoptosis.

HDAC-3 cleavage is caspase dependent. Apoptosis is char-
acterized by the activation of specific proteases, called
caspases, which control the progression towards programmed
cell death. To check whether caspases are involved in HDAC-3
cleavage, we treated Jurkat cells with the caspase inhibitor
Z-VAD prior to apoptosis induction. We observed that Z-
VAD treatment led to the inhibition of PARP cleavage, which
was expected since PARP cleavage is mediated by caspase 3.
HDAC-3 cleavage was also inhibited (Fig. 2A), suggesting that
caspase activity is required for HDAC-3 cleavage. Because
chemical inhibitors may inhibit pathways other than the rele-
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FIG. 3. HDAC-3 is cleaved at its C terminus. (A) Schematic representation of mammalian HDAC-3. The putative NLS is indicated. Also shown
are the locations of the epitopes of the various antibodies used for panel B. (B) Jurkat cells were treated with the indicated dilution of
FasL-containing cell supernatant and harvested 16 h later. Total cell extracts were prepared, and 10 wg was analyzed by Western blotting using
an antibody directed against the N terminus of HDAC-3 (from Santa Cruz Biotechnology), the last 116 amino acids of HDAC-3 (from
Transduction Laboratories, also recognizing HDAC-1 and HDAC-2), and the last 18 amino acids of HDAC-3 (from Upstate Biotechnology). The

asterisk indicates a nonspecific band detected by the Upstate antibody.

vant ones, we also made use of Jurkat cells mutated in central
elements of the pathways leading to effector caspase activation
during Fas-induced apoptosis (31). We found that HDAC-3
cleavage following FasL treatment was dependent both on
FADD, a protein responsible for signal transduction from the
Fas receptor, and on initiator caspase 8 expression since no or
very little cleavage was observed in cells deficient for FADD or
caspase 8 (Fig. 2B). Thus, taken together, these results indicate
that HDAC-3 cleavage during apoptosis is dependent upon
caspase activation.

HDAC-3 cleavage leads to the loss of its C terminus. We
next wanted to characterize which part of HDAC-3 is absent in
its cleaved form. According to its migration in SDS-polyacryl-
amide gel electrophoresis, cleaved HDAC-3 seemed to be
about 7 to 8 kDa smaller than uncleaved HDAC-3, which could
result from the loss of between 40 to 70 amino acids. The
antibody from Transduction Laboratories that we used in the
previous experiments was raised against the C-terminal 126
amino acids of HDAC-3 (Fig. 3A). Moreover, since it also
recognizes HDAC-1 and HDAC-2, its epitope is likely to lie
between amino acids 309 and 317. Thus, using this antibody,
we may not discriminate between a C-terminal cleavage and an
N-terminal cleavage. In order to precisely map the proteolytic
site, we tested the abilities of other HDAC-3 antibodies to
recognize the cleaved form of HDAC-3. Using an antibody
directed against the last 17 amino acids of HDAC-3 (Upstate
Biotechnology), we efficiently detected full-length HDAC-3
but not cleaved HDAC-3 (Fig. 3B), indicating that HDAC-3
cleavage resulted in the loss of this epitope. Moreover, an
antibody directed against the N-terminal 20 amino acids of

HDAC-3 (Santa Cruz Biotechnology) recognized both un-
cleaved and cleaved HDAC-3 (Fig. 3B). Finally, we found that
cleaved recombinant HDAC-3 was also detected using an an-
tibody directed against an N-terminal Flag tag (see Fig. S2 in
the supplemental material). Thus, altogether, these results in-
dicate that HDAC-3 cleavage results in a protein devoid of its
C terminus.

Cleavage of HDAC-3 resulted in its cytoplasmic relocaliza-
tion. The C-terminal end of HDAC-3 is required for its nuclear
localization (50). We thus investigated whether the cleavage of
HDAC-3 resulted in a change in the subcellular localization of
HDAC-3. We treated Jurkat cells with Fas ligand in order to
achieve approximately 50% cleavage, and we prepared cyto-
plasmic extracts by hypotonic lysis. We found that these cyto-
plasmic extracts were only weakly contaminated by nuclear
proteins since HDAC-1 and HDAC-2, which are mainly nu-
clear, were present at very low levels in this fraction (Fig. 4A).
We found that cleaved HDAC-3 was greatly enriched in this
cytoplasmic fraction, whereas it was largely absent in high-salt
extracts containing mostly nuclear proteins (Fig. 4A). In con-
trast, full-length, uncleaved HDAC-3 was found predomi-
nantly in the high-salt extracts. This experiment thus suggests
that cleaved HDAC-3, in contrast to uncleaved HDAC-3, is
mainly cytoplasmic.

Since the late stages of apoptosis are accompanied by the
permeabilization of the nuclear envelope, which could lead to
apparent cytoplasmic localization of an extractible nuclear pro-
tein in fractionation experiments, we also performed immuno-
fluorescence studies. We used the HDAC-3 antibody from
Santa Cruz Biotechnology, which recognizes both forms of
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FIG. 4. Cleaved HDAC-3 accumulates in the cytoplasm. (A) Jurkat cells treated with FasL-containing cell supernatant for 16 h were harvested
and subjected to fractionation as described in Materials and Methods. Twenty micrograms of total cell extracts (left panel), the hypotonic lysis
fraction (middle panel), or high-salt extracts (right panel) were analyzed by Western blotting using an anti-HDAC-3 antibody (from Transduction
Laboratories, also recognizing HDAC-1 and HDAC-2). —, absence of; +, presence of. (B) U20S cells were irradiated with UV (40 J/m?) and
subjected to immunofluorescence staining 6 h later using the anti-HDAC-3 antibody from Santa Cruz Biotechnology. Also shown are phase-
contrast microscopy, DAPI staining, and the overlay of DAPI and anti-HDAC-3 stainings. Two different representative fields are shown. The
arrows point to apoptotic cells. (C) Quantification of the experiment represented in panel B. Fifty nonapoptotic or apoptotic cells (according to
DAPI staining) were analyzed for HDAC-3 staining. The graph represents the means and standard deviations (error bars) from four independent
fields. N, nuclear only; C, cytoplasmic only; N+C, nuclear and cytoplasmic.
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HDAC-3 (Fig. 3). In nonapoptotic U20S cells, this antibody
stained mainly the nucleus as small dots (Fig. 4B). This nuclear
staining reflected the recognition of endogenous HDAC-3
since costaining with another anti-HDAC-3 antibody (Upstate
Biotechnology), which recognizes only uncleaved HDAC-3
(Fig. 3), showed perfect colocalization (data not shown). In
cells undergoing apoptosis (Fig. 4B), as indicated by phase-
contrast microscopy and DAPI staining monitoring chromatin
condensation, nuclear HDAC-3 staining was no longer ob-
served, whereas cytoplasmic staining strongly increased. The
quantification of this experiment (Fig. 4C) indeed confirmed
that whereas HDAC-3 was exclusively nuclear in most cells
before apoptosis induction, it was either exclusively cytoplas-
mic or observed throughout the cell in apoptotic cells. Alto-
gether, these results indicate that following apoptosis induc-
tion, HDAC-3 is cleaved and relocalized to the cytoplasm.

Inhibition of HDAC-3 favors apoptosis. Results from the
above experiments indicate that, in apoptotic cells, HDAC-3 is
mainly localized in the cytoplasm. Obviously, once in the cy-
toplasm, HDAC-3 is unable to deacetylate nucleosomal his-
tones, indicating that the cleavage of HDAC-3 results in the
inactivation of HDAC-3 deacetylase activity towards histones.
In order to test whether the inhibition of HDAC-3 could be
important for apoptosis induction, we transfected U20S cells
with two HDAC-3 specific siRNAs. Surprisingly, whereas both
siRNAs similarly decreased HDAC-3 expression (see Fig. 7A
for an example), they had opposite effects on apoptosis induc-
tion (data not shown). This result could be due to the existence
of various HDAC-3 isoforms that would not be similarly tar-
geted by the two siRNAs. Indeed, alternative splicing of
HDAC-3 mRNA has already been described (18). Note, how-
ever, that we cannot rule out the possibility that one of the two
siRNAs exhibited “off target” effects. Thus, to clarify the role
of HDAC-3 in apoptosis, we used an inducible knockout sys-
tem raised in chicken DT40 cells by Takami and Nakayama
(40). Indeed, we already observed that apoptosis induction in
DT40 cells was also accompanied by HDAC-3 cleavage (Fig.
1). Thus doxycycline was added or not to DT40 cells harboring
the inducible HDAC-3 transgene, and we found that, as ex-
pected, the doxycycline addition led to the rapid disappearance
of HDAC-3 since virtually no protein could be detected after
2 days of treatment (Fig. 5A). We then added staurosporine to
these cells, and we compared the efficiency of apoptosis induc-
tion in HDAC-3-expressing cells to that in nonexpressing cells
by annexin V/7-AAD staining (PARP cleavage could not be
assessed in these cells since anti-PARP antibodies did not
recognize chicken PARP [data not shown]). We found that
HDAC-3 inhibition for 2 days had no effect by itself on apop-
tosis induction (Fig. 5B), as already shown (40). However,
doxycycline-treated cells were more sensitive to staurosporine-
induced apoptosis, indicating that knockdown of HDAC-3 fa-
vors apoptosis induction. Thus, altogether, our results indicate
that the proteolytic cleavage of HDAC-3 could favor apoptosis
by decreasing the nuclear levels of HDAC-3, thereby inhibiting
HDAC-3-mediated histone deacetylation.

Forced nuclear localization of HDAC-3 inhibits apoptosis.
To test this possibility, we set up a system in which the expres-
sion of HDAC-3 can be artificially forced in the nucleus. We
transduced U20S cells (in which we had already observed
HDAC-3 cleavage [Fig. 1]) with a retroviral vector, allowing
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the expression of a chimeric protein in which a mutated version
of the ligand binding domain of the estrogen receptor is fused
to the N terminus of HDAC-3 (ER-HDAC-3). This fusion
protein also contains an HA epitope and a NLS from the
simian virus 40 T antigen. Similar fusion proteins between this
ER ligand binding domain and the E2F or c-myc transcription
factors have already been widely used (28, 45). These chimeric
proteins are cytoplasmic in the absence of OHTam (hydroxy-
tamoxifen) and become nuclear upon the addition of OHTam.
We first checked that the ER-HDAC-3 fusion protein behaved
as expected. By immunofluorescence using the anti-HA anti-
body, we found that, in absence of OHTam, the fusion protein
was mainly cytoplasmic, whereas very rapidly upon OHTam
addition, the fusion protein became nuclear (Fig. 6A). Thus,
the addition of OHTam allowed the forced nuclear localization
of ER-HDAC-3. We thus investigated how the presence of
nuclear ER-HDAC-3-affected apoptosis induction in these
cells. These cells were treated or not treated with OHTam, and
we irradiated them with UV in order to induce apoptosis.
Surprisingly, the fusion protein did not seem to be cleaved
following apoptosis induction, certainly because the ER tag
prevented it from being recognized by apoptosis-induced pro-
teases (Fig. 6B). We observed that apoptosis induction, as
indicated by PARP cleavage, was less efficient in the presence
of OHTam than in its absence (Fig. 6B). This decrease was
most likely due to a lower number of cells undergoing apop-
tosis, as indicated by the analysis of cells harboring apoptotic-
related chromatin condensation (Fig. 6C and D). Importantly,
such an effect was not observed using the parental U20S cell
line (data not shown). These results demonstrate that the
forced nuclear localization of ER-HDAC-3 inhibits apoptosis.
We cannot rule out the possibility that this decrease in apop-
tosis is due to HDAC-3 overexpression and the titration of a
caspase or an apoptosis-related protease. However, such a
possibility is unlikely since HDAC-3 overexpression is not mas-
sive. Indeed, ER-HDAC-3 expression is comparable to that of
endogenous HDAC-3 (see Fig. S5 in the supplemental mate-
rial). Therefore, our results suggest that the decrease in
HDAC-3 nuclear levels induced by its cleavage is important for
efficient apoptosis induction.

Analysis of global histone acetylation upon apoptosis induc-
tion. We next intended to investigate the consequence of
HDAC-3 cleavage on histone acetylation. We first tested
whether apoptosis induction would be accompanied by in-
creased global histone acetylation at HDAC-3 target lysines.
Indeed, HDAC-3 has already been proposed to be a major
histone deacetylase in mammalian cells (14, 17, 52). Moreover,
histone deacetylase inhibitors, which induced global histone
hyperacetylation, also favored UV-induced apoptosis in U20S
cells (see Fig. S6 in the supplemental material). We first in-
tended to characterize HDAC-3 target lysines by siRNA-me-
diated knockdown of HDAC-3. Although our two anti-
HDAC-3 siRNAs had opposite effects on apoptosis, they can
be used to study HDAC-3 direct targets. The transfection of
U20S cells with these two siRNAs led to the decrease of
HDAC-3 expression, both at the mRNA level and the protein
level (Fig. 7A). We first analyzed global histone acetylation by
Western blotting using antibodies specific for acetylated his-
tones. In similar experimental settings, HDAC-3 has already
been found to deacetylate mainly K9 of histone H3 and K5 of
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FIG. 5. HDAC-3 inhibition favors apoptosis. (A) DT40 (left) or DT40 AchHDAC-3/FHDAC-3 (right) cells were incubated or not incubated
with doxycycline for 48 h in order to repress recombinant HDAC-3 expression. Total cell extracts were then analyzed by Western blotting using
an anti-HDAC-3 antibody (from Transduction Laboratories, also recognizing chicken HDAC-2). —, absence of; +, presence of. (B) DT40
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HDAC-3 expression. Cells were then treated or not treated with the indicated amount of staurosporine for 16 h. Apoptosis was measured by flow
cytometry using an annexin V-FITC/7-AAD kit. Results from three entirely independent experiments are shown.

histone H4 (21, 52). We could not detect any major change in
histone acetylation upon HDAC-3 knockdown (Fig. 7B), per-
haps because siRNA knockdown was not efficient enough. We
thus took advantage of the DT40 cells in which HDAC-3 ex-
pression can be fully inactivated (Fig. 5A). We found global
histone H3 acetylation to be dependent on HDAC-3 expres-
sion (see Fig. S7 in the supplemental material). However, a
comparison with the parental DT40 cells indicated that this
result was due to a decrease of histone H3 acetylation induced
by HDAC-3 overexpression in the absence of doxycycline
rather than an increase of histone H3 acetylation in the ab-
sence of HDAC-3. Thus, HDAC-3 does not appear to be a
major global histone deacetylase when expressed at endoge-

nous levels. Alternatively, the loss of HDAC-3 can be fully
compensated by another histone deacetylase. We also moni-
tored histone acetylation following apoptosis induction, and we
did not find any increase of histone acetylation (Fig. 7C). On
the contrary, global acetylation on histone H3 or on histone H3
K9 strongly decreased in apoptotic cells, probably reflecting
the inhibition of major HATS, such as CBP/p300 (37). Alto-
gether, these results indicate that the apoptosis-dependent
cleavage of HDAC-3 does not result in global histone hyper-
acetylation during apoptosis.

Analysis of HDAC-3 target genes. We thus investigated the
effect of HDAC-3 cleavage on local histone acetylation. In-
deed, local histone acetylation is known to correlate with tran-
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scription and HDAC-3 has already been shown to mediate the
transcriptional repression of specific genes through the local
deacetylation of specific histone lysines. Thus, we reasoned
that HDAC-3 cleavage and cytoplasmic relocalization could

induce local histone acetylation and transcriptional activation
of HDAC-3 target genes, including proapoptotic target genes.
To characterize HDAC-3-target genes, we transfected U20S
cells with our siRNAs directed against HDAC-3 and analyzed
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the expression of a number of proapoptotic genes by reverse
transcription, followed by real-time PCR. Among the genes we
tested, we reproducibly found that HDAC-3 knockdown using
the two siRNAs led to the induction of the gene encoding the
Fas receptor, whereas other proapoptotic genes, such as bax,
were not affected (Fig. 8A). This result indicates that the fas
gene is a specific target of HDAC-3. Moreover, by ChIP anal-
ysis, we found that upon HDAC-3 knockdown, the acetylation
of histone H3 K9 increased on the fas promoter but not on the
bax promoter (Fig. 8B). Since this lysine is a known target of
HDAC-3 (52), this finding suggests that fas is a direct target of
HDAC-3. We thus investigated whether this gene was acti-
vated when HDAC-3 was cleaved. We induced U20S cells to
enter apoptosis using staurosporine, and we analyzed the ex-
pression of the Fas-encoding gene by reverse transcription
followed by real-time PCR. We observed a time-dependent
increase in fas mRNA expression, concomitantly with the dis-
appearance of full-length HDAC-3, whereas bax mRNA ex-
pression was unaffected even after 16 h of treatment (Fig. 8C).
By ChIP, we also analyzed the acetylation of histone H3 K9
and we found that the acetylation on this lysine specifically
increased on the fas promoter upon staurosporine treatment
(Fig. 8D). The fas promoter escapes the global deacetylation of
histone H3 K9 that we observed during apoptosis, probably
because of local recruitment of a H3 K9-specific histone acetyl-
transferase. Altogether, these experiments demonstrate that

HDAC-3 cleavage correlates with increased histone acetyla-
tion and the transcriptional activation of a target of HDAC-3,
the fas promoter. Finally, we found that forced nuclear local-
ization of HDAC-3 using ER-HDAC-3-expressing cells inhib-
ited fas promoter activation upon UV irradiation (Fig. 8E),
indicating that HDAC-3 cleavage and its consequent cytoplas-
mic relocalization is important for fas promoter activation dur-
ing apoptosis.

DISCUSSION

In this work, we observed that HDAC-3 is cleaved following
apoptosis induction. Our data point to the importance of this
cleavage in the apoptotic process since (i) it is conserved from
mammals to chicken, (ii) HDAC-3 expression inhibits apopto-
sis, (ili) HDAC-3 cleavage inactivates HDAC-3 activity to-
wards nucleosomes through a change in its subcellular local-
ization, and (iv) maintaining nuclear expression of HDAC-3
inhibits apoptosis. Our results thus uncover a new mechanism
responsible for the control of proapoptotic genes during apop-
tosis induction (see our model in Fig. 9). In unstressed cells,
HDAC-3 functions as a corepressor for many transcription
factors involved in apoptosis, such as E2F (26), c-jun (47), per-
oxisome proliferator-activated receptor y (12), and NF-«B (3,
15), and is known to repress the proapoptotic tumor necrosis
factor-encoding gene (29). We demonstrate here that HDAC-3 is
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also required for the repression of the Fas-encoding gene, al-
though we do not know whether this repressive effect is direct
since we failed to detect HDAC-3 binding to the fas promoter by
ChIP (data not shown). Upon apoptosis induction, HDAC-3 is
cleaved and cleaved HDAC-3 is localized in the cytoplasm and
can no longer deacetylate histones on its proapoptotic target
promoters. Histones on these promoters can now be hyperacety-
lated, thereby allowing the transcriptional activation of these pro-
apoptotic genes and cell progression into apoptosis (Fig. 9). Al-
though such a model is tempting, it is important to note that we
cannot rule out the possibility that HDAC-3 cleavage changes
something other than subcellular localization, such as enzymatic
activity or interaction with cofactors or transcription factors. In-
deed, as the ER-HDAC-3 fusion protein does not seem to be
cleaved, it could function as a noncleavable mutant of HDAC-3.

Our results also raise the interesting possibility that cleaved
HDAC-3 plays a role in the cytoplasm. Consistent with this
possibility, cytoplasmic localization of HDAC-3 has already
been observed (3, 16, 50). Moreover, lysine acetylation is a
widespread posttranslational modification and many cytoplas-
mic proteins, such as y-tubulin, are known to be acetylated
(24). Since HDAC-3 can deacetylate proteins other than his-
tones (6, 8, 42), cytoplasmic HDAC-3 could regulate the acet-
ylation levels of a cytoplasmic protein and participate in cyto-
plasmic signal transduction pathways. Strikingly, the far C
terminus of HDAC-3 is dispensable for its enzymatic activity
(50), raising the possibility that cleaved HDAC-3 still possesses
enzymatic activity. If this is the case, then cleaved HDAC-3
could participate in apoptosis through the deacetylation of a
cytoplasmic protein since the apoptosis process is largely con-
trolled through cytoplasmic events. Along this line, it would be
interesting to investigate whether proteins of the mitochon-
drial apoptotic pathway are regulated by reversible acetylation.
It has to be noted, however, that cytoplasmic localization of
HDAC-3 by itself is not able to induce apoptosis (see our
results in Fig. 6B, lane 1).

Another interesting question which derives from our data is
whether HDAC-3 cleavage could be regulated. Indeed, given
the importance of HDAC-3 cleavage in apoptosis induction
(Fig. 6), this molecular event could be an important target of
signaling pathways regulating apoptosis induction. Unfortu-
nately, we do not know the enzyme responsible for HDAC-3
cleavage. We found that HDAC-3 cleavage is caspase depen-
dent since it is inhibited by general caspase inhibitors and since
it is not observed in cells mutated for the caspase-activating
pathway (Fig. 2). Moreover, it is roughly concomitant with
caspase activation since its kinetic is parallel to PARP cleavage
(see Fig. S4 in the supplemental material). However, from our
experiments, we cannot conclude that the cleavage is directly
mediated by a caspase. Indeed, as also observed by others (34),
in vitro cleavage of HDAC-3 by effector caspases was very inef-
ficient (data not shown). Moreover, there is no consensus caspase
site in the putative region of the cleavage. Thus, HDAC-3 cleav-
age is likely to be mediated by proteases other than caspases.
Indeed, many proteases are activated in a caspase-dependent
manner during the apoptotic process (23). Characterization of the
protease(s) directly responsible for HDAC-3 cleavage is thus a
major issue for understanding the determinants and the potential
regulation of HDAC-3 cleavage.

Strikingly, maintaining nuclear HDAC-3 expression inhib-
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ited caspase-mediated PARP cleavage (Fig. 6B). Although we
cannot rule out the possibility that this effect is due to the weak
HDAC-3 overexpression obtained in the ER-HDAC-3-ex-
pressing cells, this result suggests that HDAC-3 cleavage is
important for caspase activation. HDAC-3 cleavage would thus
be downstream but also upstream of caspase activation: it will
thus participate in a positive feedback loop, ensuring optimal
caspase activation upon apoptosis induction. This is reminis-
cent of the caspase-dependent cleavage of the retinoblastoma
protein Rb. Indeed, it was shown that abolishing Rb cleavage
in mouse leads to the decrease in caspase activation upon
apoptosis induction (5). Moreover, both HDAC-3 cleavage
and Rb cleavage are thought to be involved in apoptosis by
relieving the transcriptional repression of proapoptotic genes
(the Fas-encoding gene [this study] and E2F1-dependent pro-
apoptotic genes [13, 43], respectively). Altogether, these data
point to the importance of caspase-dependent transcriptional
activation of proapoptotic genes as a molecular mechanism for
the caspase-activating positive regulatory loop.

Finally, our finding that HDAC-3 has an antiapoptotic func-
tion and that the inactivation of HDAC-3 may be important for
apoptosis raises the question of the involvement of HDAC-3 in
cancer. The overexpression of HDAC-3 was observed in car-
cinoma (35, 49), suggesting that cancer cells may have escaped
apoptosis, at least in part, through HDAC-3 overexpression.
Moreover, general histone deacetylase inhibitors are promis-
ing anticancer molecules which are currently under clinical
trials. Because HDACsS participate in many different various
processes, drugs specifically targeting one or a subset of his-
tone deacetylases may have fewer side effects than general
inhibitors and are currently being actively searched (46). Our
data suggest that HDAC-3-specific inhibitors may prove useful
to induce apoptosis in cancer cells.
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